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INTRODUCTION 

The commercial p r o d u c t i o n  o f  hydrocarbon l i q u i d s  f rom coa l  w i l l  s i g n i f i c a n t l y  
l essen  t h e  n a t i o n ' s  l ong - te rm dependence on f o r e i g n  crude o i l .  
p roduc ts  are r i c h  i n  a romat i cs  b u t  l o w  i n  p a r a f f i n s  and u s u a l l y  c o n t a i n  s u b s t a n t i a l  
q u a n t i  t i e s  o f  n o n d i s t i l l a b l e ,  h igh -mo lecu la r -we igh t  m a t e r i a l  and unacceptable l e v e l s  
o f  s u l f u r  and n i t r o g e n .  Upgrading o f  coa l  l i q u i d s ,  t h e r e f o r e ,  i s  r e q u i r e d  t o  hydro- 
process t h e  heavy ends i n t o  l ower -mo lecu la r -we igh t  d i s t i l l a t e  t h a t  has t h e  minimum 
p o s s i b l e  con ten t  o f  s u l f u r  and n i t r o g e n .  C a t a l y t i c  hyd rop rocess ing  o f  heavy f o s s i l  
f u e l s  i s  n o r m a l l y  e f f e c t e d  by h y d r o t r e a t i n g  i n  t h e  presence o f  c a t a l y s t s  l i k e  coba l t  
molybdate o r  n i c k e l  molybdate a t  5-25 W a  and 575-725 K . l  The common problems t h a t  
can be encountered a r e  r a p i d  d e a c t i v a t i o n  o f  c a t a l y s t ,  d i f f i c u l t y  o f  hydrogenat ing 
aromatics, i n s u f f i c i e n t  removal o f  n i t r o g e n ,  and h i g h  consumption o f  hydrogen. Recent 
d a t a  on upgrading o f  b lends o f  S R C - I  and c o a l - d e r i v e d  c reoso te  o i l  showed t h a t  
mod i f i ed  S h e l l  324 Ni-Mo c a t a l y s t  gave good performance i n  removing n i t rogen .2  I n  
t h e  present  work, c o a l  l i q u i d s  hydroprocessed i n  a con t inuous  h y d r o t r e a t e r  o v e r  Ni-Mo 
c a t a l y s t s  under v a r y i n g  process s e v e r i t i e s  were c h a r a c t e r i z e d  t o  s t u d y  v a r i a t i o n s  i n  
chemical  c o n s t i t u e n t s  and p h y s i c a l  p r o p e r t i e s  o f  t h e  c o a l  l i q u i d .  

Coal l i q u e f a c t i o n  

EXPERIMENTAL 

A 30-70 b l e n d  o f  S R C - I  w i t h  S R C - I 1  d i s t i l l a t e  (453-665 K )  produced f r o m  Western 
Kentucky b i tum inous  coa l  was used as t h e  feeds tock .  H y d r o t r e a t i n g  exper iments were 
c a r r i e d  out i n  a t r i c k l e - b e d  r e a c t o r  o f  17.4-m i . d .  and 1 . 2 4  l ong  w i t h  5 3 0 - m  bed 
leng th .  
be low t h e  bed, Pyrex g l a s s  beads o f  3-mn d iameter  were p laced  t o  serve as p rehea t ing  
and ca lming zones, r e s p e c t i v e l y .  P r i o r  t o  t h e  h y d r o t r e a t i n g ,  t h e  c a t a l y s t  was pre- 
s u l f i d e d  i n  s i t u  w i t h  a H2/H2S st ream c o n t a i n i n g  10 v o l  % H2S a t  616 K f o r  4 hours. 
The r e a c t o r  temperature was m a i n t a i n e d  by a seven-zone f u r n a c e  c o n t r o l l e d  by seven 
separa te  c o n t r o l l e r s  t o  achieve 5 1 c e n t i g r a d e  degree c o n t r o l .  The c a t a l y s t s  used 
were S h e l l  324 Ni-Mo (0.84-mn e x t r u d a t e ) ,  Na lco  NM-504 (0.84-mm e x t r u d a t e ) ,  and 
Ni-Mo c a t a l y s t s  prepared on Davison Y-alumina (0.59-1.0 mm g ranu les ) .  
c a t a l y s t  bed l e n g t h  t o  p a r t i c l e  s i z e  i s  s u f f i c i e n t l y  l a r g e  (>550) t h a t  c h a n n e l l i n g  
and backmixing e f f e c t s  i n  t h e  r e a c t o r  appear t o  be min imized and t h e  r e p r o d u c i b i l i t y  
of t h e  da ta  i s  good.3 The p rocess  c o n d i t i o n s  were t h e  f o l l o w i n g :  H2 p ressu re  -- 
13.8 MPa; tempera tu re  -- 672 K; l i q u i d  h o u r l y  space v e l o c i t y  (LHSV) - -  0.25-1.25 cm3 
f e e d / h r - d  c a t a l y s t ;  and hydrogen feed r a t e  -- 1335 m3 H2/m3 o i l  (-7500 s c f / b b l ) .  

Product  a n a l y s i s  i n c l u d e d  s p e c i f i c  g r a v i t y ,  v i s c o s i t y ,  asphaltenes, benzene 
i n s o l u b l e s ,  and e lementa l  a n a l y s i s .  
s p e c t r o m e t r i c  a n a l y s i s .  Hydrogen consumption va lues  were c a l c u l a t e d  f rom e lementa l  
a n a l y s i s .  Mass s p e c t r a  of coa l  l i q u i d s  were o b t a i n e d  on a Conso l i da ted  E l e c t r o -  
dynamics (CEC)-103B low  v o l t a g e  mass spec t romete r  and a CEC-21-1105 h i g h  r e s o l u t i o n  
mass spect rometer  (1/10,000 r e s o l u t i o n ) .  P ro ton  magnet ic  resonance spec t ra  were 
o b t a i n e d  w i t h  a 100-MHz V a r i a n  XL-100 NMR spect rometer  w i t h  t e t r a m e t h y l s i l a n e  as 
i n t e r n a l  re ference.  
separa ted  by a Pope wiped f i l m  m o l e c u l a r  s t i l l  and analyzed f o r  hydrocarbon t ypes  by 
f luorescence i n d i c a t o r  a d s o r p t i o n  (ASTM D 1319-77) i n  a s i l i c a  g e l  column. 
GC-Ms a n a l y s i s  o f  a romat i cs  and s a t u r a t e s  was performed u s i n g  a Hewlet t -Packard 5985 
mass spect rometer  and a 11-m x 0.30-mn g l a s s  c a p i l l a r y  column wa l l - coa ted  w i t h  SE-52. 

The c a t a l y s t  bed was p l a c e d  i n  t h e  m i d s e c t i o n  o f  r e a c t o r  tube.  Above and 

The r a t i o  o f  

The gas s t ream was metered and sampled f o r  mass 

L i g h t  and m i d d l e  f r a c t i o n s  o f  t h e  h y d r o t r e a t e d  p roduc ts  were 

The 
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The column was temperature-programmed from 308 t o  523 K a t  2 degrees c e n t i g r a d e  p e r  
minute.  

RESULTS AN0 DISCUSSION 

The e lementa l  a n a l y s i s  and p h y s i c a l  p r o p e r t i e s  o f  t h e  feed,  a t h e r m a l - t r e a t e d  ' 
produc t  ob ta ined  over  a lumina bed, and a h y d r o t r e a t e d  p roduc t  o b t a i n e d  ove r  S h e l l  
324 Ni-Mo c a t a l y s t  bed a r e  shown i n  T a b l e  1. The p roduc ts  were o b t a i n e d  a t  t h e  exper i -  
menta l  c o n d i t i o n s  of 13.8 MPa, 672 K ,  and 0.5 LHSV. The the rma l  t rea tmen t  o f  t h e  
b lend  of S R C - I  w i t h  S R C - I 1  ove r  alumina i n  t h e  absence o f  me ta l  c a t a l y s t s  reduced 
t h e  benzene i n s o l u b l e  c o n t e n t  and t h e  v i s c o s i t y  moderate ly ,  b u t  d i d  n o t  a f f e c t  t h e  
n i t r o g e n  con ten t  o r  o t h e r  c h a r a c t e r i s t i c s  of t h e  coa l  l i q u i d  s i g n i f i c a n t l y .  
hydrogen consumption was v e r y  low.  
l i q u i d  i n  t h e  presence o f  S h e l l  Ni-Mo c a t a l y s t  r e s u l t e d  i n  s i g n i f i c a n t  r e d u c t i o n  of 

a hydrogen consumption o f  3.77 w t  % based on coa l  l i q u i d  feed .  
i n s o l u b l e s  (asphal tene + benzene i n s o l u b l e s )  was conver ted  t o  lower-molecular -weight  
m a t e r i a l .  The h y d r o t r e a t i n g  w i th  t h e  o t h e r  Ni-Mo c a t a l y s t s  a l s o  y i e l d e d  p r o d u c t s  
hav ing  s i m i l a r  p r o p e r t i e s .  

c a t a l y s t  towards t h e  h igh-molecular -weight ,  pen tane- inso lub le  m a t e r i a l ,  which con- 
t a i n s  t h e  h i g h e s t  c o n c e n t r a t i o n s  o f  heteroatoms. F i g u r e  1 shows t h e  n i t r o g e n  
removal as a f u n c t i o n  o f  process s e v e r i t y ,  expressed by hydrogen consumption, and 
t h e  r e l a t i o n s h i p  o f  n i t r o g e n  con ten t  and hydrogen c o n t e n t  i n  t h e  l i q u i d  products .  
Data p o i n t s  were o b t a i n e d  f r o m  h y d r o t r e a t i n g  exper iments u s i n g  t h e  d i f f e r e n t  Ni-Mo 
c a t a l y s t s .  The l i n e a r i t y  o f  t h e  p l o t  o f  n i t r o g e n  removal versus hydrogen 
consumption suggests t h a t  a l l  t h e  c a t a l y s t s  have s i m i l a r  a c t i v i t y .  
used t o  eva lua te  t h e  n i t r o g e n  removal a c t i v i t y  o f  a c a t a l y s t  and t o  determine t h e  
e f f i c i e n c y  o f  hydrogen u t i l i z a t i o n .  
s i g n i f i c a n t l y  above t h e  l i n e a r  curve, i n d i c a t i n g  t h e  e f f e c t i v e  n i t r o g e n  removal a t  
low process s e v e r i t y .  

The l i n e a r  r e l a t i o n s h i p  between t h e  n i t r o g e n  and hydrogen con ten ts  o f  t h e  
l i q u i d  products  shown i n  t h e  bot tom p l o t  suggests  t h a t  n i t r o g e n  removal accompanies 
hydrogen a d d i t i o n  t o  a romat i cs  i n  t h e  coa l  l i q u i d .  N i t r o g e n  removal f rom p o l y c y c l i c  
a romat i cs  does n o t  t a k e  p l a c e  u n t i l  r i n g  s a t u r a t i o n  has o ~ c u r r e d . ~  Recent s t u d i e s  
on model compounds suggest  t h a t  t h e  naphthalene moiety ,  hav ing  a l ower  resonance 
energy e r  r i n g  than  benzene, undergoes hyd rogena t ion  more r a p i d l y  than  t h e  benzene 
moiety.! The hyd rogena t ion  o f  aromat ic  compounds i s  cons ide red  t o  be among t h e  
s lowest  o f  hyd rop rocess ing  r e a c t i o n s  o c c u r r i n g  i n  t h e  c o a l  l i q u i d s  upgrad ing  
process.  

s p e c i f i c  g r a v i t y  o f  t h e  l i q u i d  products .  The d a t a  p o i n t s  i n  F i g u r e  5 i n c l u d e  those 
ob ta ined  a t  v a r y i n g  process s e v e r i t i e s  w i t h  temperatures r a n g i n g  f r o m  672 t o  694 K 
and LHSV v a r y i n g  f r o m  0.25 t o  1.25 hr-1. The feedstock has a n i t r o g e n  con ten t  o f  
1.31 w t  %, and t h e  l i q u i d  p roduc ts  have va lues c o v e r i n g  a broad range. 
con ten t  decreases l i n e a r l y  w i t h  t h e  s p e c i f i c  g r a v i t y  o f  t h e  l i q u i d  p roduc ts  u n t i l  a 
p o i n t  near 0.25 w t  % n i t r o g e n  and 0.94 s p e c i f i c  g r a v i t y ,  b u t  f u r t h e r  decrease o f  
n i t r o g e n  con ten t  becomes d i f f i c u l t  even though s p e c i f i c  g r a v i t y  i s  f u r t h e r  reduced 
s i g n i f i c a n t l y .  
n i  t rogen-con ta in ing  p o l y c y c l i c  compounds a r e  formed and t h a t  f u r t h e r  n i t r o g e n  
removal i s  more d i f f i c u l t  t o  achieve even under severe p rocess ing  c o n d i t i o n s  w i th  
v e r y  h i g h  hydrogen consumption. 
i n  hyd rogena t ing  these  t ypes  of n i t r o g e n - c o n t a i n i n g  p o l y c y c l i c  compounds a t  low 
temperature. 
w i t h o u t  s a t u r a t i n g  a romat i c  r i n g s .  

Mass s p e c t r a  o f  t h e  feeds tock  and p r o d u c t s  from the rma l  t rea tmen t  and hydro-  
t rea tmen t  ove r  S h e l l  c a t a l y s t  were o b t a i n e d  on a low v o l t a g e  mass spect rometer  and a 
h i g h  r e s o l u t i o n  mass spect rometer  (1/10,000 r e s o l u t i o n ) .  Tab le  2 shows t h e  a n a l y s i s  

The 
I n  comparison, t h e  h y d r o t r e a t i n g  of t h e  c o a l  

\ asphaltene, benzene i n s o l u b l e s ,  v i s c o s i t y ,  and heteroatom con ten ts  (N, S, and 0) a t  
N e a r l y  80% o f  pentane 

The e f f i c i e n c y  o f  h y d r o t r e a t i n g  c o a l  l i q u i d s  depends on t h e  a c t i v i t y  o f  t h e  

The p l o t  can be 

A h i g h l y  a c t i v e  c a t a l y s t  would g i v e  d a t a  p o i n t s  

It i s  a l s o  o f  i n t e r e s t  t o  examine t h e  r e l a t i o n s h i p  between n i t r o g e n  con ten t  and 

The n i t r o g e n  

The i m p l i c a t i o n  i s  t h a t  upon hyd roc rack ing ,  c e r t a i n  types of 

The key i s  t o  develop a c a t a l y s t  t h a t  i s  e f f e c t i v e  

The i d e a l  c a t a l y s t  would p robab ly  have a c t i v i t y  f o r  removing n i t r o g e n  
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for polynuclear aromatic (PNA) compounds based on total ionization at 573 K and 
torr; naphthalenes in the feedstock were drastically reduced by hydrotreating and 
were presumably converted to tetralins and/or indans. 
resolution mass spectrometer were presented by the graphical method of Mentser and 
Sharkey,C shown in Figure 2, for hydrocarbon components (cxHy). 
plots is to determine the classes of hydrocarbon that are present in the sample. 
The limiting H/C values for the molecular ions of PNA's in the hydrotreated product 
are greater than the respective values for those in the feedstock, indicating increased 
hydrogenation by hydrotreating. 
spectrometric data suggest the sharp decrease in the concentration of aromatics and 
some corresponding increase in the concentrations of hydroaromatics and alkylated 
aromatics. Similar plots of hydrogen- carbon distribution in heteroatom components 
having formulas CxHyN and CxHyO are shown in Figures 3 and 4, respectively. 
parts of the nitrogen-containing compounds having Cg-Ci5 range in the feedstock are 
removed after hydrotreating. Only small concentrations of nitrogen-containing C5-Cg 
cyclic compounds having decreased H/C values were found in the hydrotreated product. 
Most of the molecular species of phenols in the feedstock were removed by hydro- 
treating, and some of two- and three-ring phenols were also reduced by the thermal 
treatment (Figure 4). 

Distributions of oxygen and hydrogen in the thermal-treated and hydrotreated 
products, as determined by IR and PMR analyses, respectively, are summarized in 
Table 3. Most of the phenolic OH and carbazolic NH in the feedstock are removed by 
hydrotreating, but the remaining oxygen in ether forms is difficult to remove. 
hydrotreating, the aromatic hydrogen content decreases, hydrogen is added to aromatic 
rings to form hydroaromatic structures, and the bulk of aliphatic hydrogen is added 
at positions further from the aromatic ring than the a position. 
the PMR spectra is shown in Figure 6. 
mass spectrometric data and are also in agreement with the earlier study reported by 
Tewari et al.7 

The hydrotreating condition at 13.8 MPa, 672 K, and 0.5 LHSV is not too severe, 

The results from the high 

The utility of these 

These data combined with the low voltage mass 

Large 

On 

The variation of 
These results are in accord with the above 

but the light and middle distillates of the upgraded product are of fairly high quality 
in that the nitrogen and sulfur contents are fairly low. For example, the typical 
sulfur and nitrogen distribution in the hydrotreated product with Shell Ni-Mo catalyst 
is shown in Table 4. The upgraded product with Shell Ni-Mo catalyst was separated 
into three fractions by a Pope wiped film molecular still. The light and middle 
fractions were analyzed for hydrocarbon type by fluorescence indicator adsorption. 
Aromatics and saturates are the major components. The GC-MS chromatograms of the 
aromatics and saturates for the naphtha fraction (IBP-477K), Figure 7, show that the 
major components tentatively identified are one- and two-ring compounds. 
aromatics were mostly toluene, alkyl (up to C3) benzenes, xylenes, tetralin, and 
alkyl (up to C2) tetralins. The saturates are mostly cyclohexane and alkyl (up to 
C4) cyclohexanes. The naphtha fraction of the upgraded product was also found to be 
fairly stable. After an aging test under oxygen atmosphere at 363 K for one week, 
no precipitation or color change was observed. 
Of untreated SRC-I1 gave a 12 wt % precipitate and was a brownish color after the 
same aging test. 

in the coal liquid, and the hydrogenation of nitrogen-containing polycyclic compounds 
having lower H/C values is among the slowest of hydroprocessing reactions to accomplish. 
The linear plot of nitrogen removal versus hydrogen consumption for reference catalysts 
provides a useful reference source for evaluating the nitrogen removal activity and 
the hydrogen utilization efficiency of a new catalyst. 
heteroatoms, asphaltenes, and aromatics, and the corresponding increase in hydro- 
aromatics and alkyl aromatics, the phenolic OH and carbazolic NH contents were 
drastically reduced by hydrotreating. 

The 

In comparison, the naphtha fraction 

In conclusion, the removal of nitrogen accompanies hydrogen addition to aromatics 

Along with the decrease in 
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DISCLAIMER 

Reference i n  t h i s  r e p o r t  t o  any s p e c i f i c  commerical product,  process, o r  s e r v i c e  
i s  t o  f a c i l i t a t e  unders tand ing  and does n o t  n e c e s s a r i l y  i m p l y  i t s  endorsement o r  
f a v o r i n g  by t h e  Un i ted  S t a t e s  Department o f  Energy. 
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TABLE 1. COMPARISON OF THERMAL-TREATED AND HYDROTREATED PRODUCTS 
(13.8 MPa, 672 K, 0.5 LHSV) 

Feedstock Thermal-Treated Hydro t rea ted  
SRC 1/11 HR 8-1 HR 6-1 

C a t a l y s t  
Sp. Grav i ty ,  289/289 K 
V i s c o s i t y ,  CPS a t  311 K 
Asphaltene, w t  % 
Benzene I n s o l . ,  w t  % 
Mo lecu la r  Weighta 
Elemental  Analysis,  w t  % 

C 
H 
0 
N 
S 
Ash 

H2 consumption, w t  % 
C1-C4 fo rmat ion ,  w t  % 

a By osmometry 

1.07 
181 
16.0 
10.8 

236 

85.52 
7.78 
4.16 
1.31 
0.45 
0.19 -- 

-- 

A1 umi na 
1.06 
55 
16.5 
7.4 

220 

86.02 
7.80 
4.41 
1.37 
0.36 
0.10 
0.30 
0.40 

S h e l l  Ni-Mo 
0.94 
6.5 
5.0 
0.3 

207 

85.68 
10.67 
1.81 
0.50 
0.14 
0.02 
3.77 
0.80 

1 3 3  



TABLE 2. LOU VOLTAGE MASS SPECTROMETRIC ANALYSIS OF UPGRADED 
PRODUCT FOR POLYNUCLEAR AROMATIC COMPOUNDS 

(13.8 MPa. 672 K. 0.5 LHSV) 

Poss ib le  
S t ruc tu ra l  Type Thermal -Treated 
( i;&l;;;;i;&kfl Feedstock over Alumina 

SRC 1/11 HR 8-1 

Benzenes 
Naphthalenes 
Indenes 
T e t r a l i n s  
Acenaphthylenes 
Fluorenes 
Phenanthrenes 
Pyrenes 
Chrysenes 
Phenols 

7.5 
24.6 

3.9 
13.0 
13.1 
4.2 
6.1 
3.0 
0.4 

21.3 

6.0 
35.5 
3.1 

10.1 
9.0 
4.0 
3.6 
1.8 
0.4 

23.4 

Hydrotreated 
over She l l  Ni-Mo 

HR 6-1 

10.7 
7.3 
8.4 

38.0 
9.0 
3.1 
2.2 
1.9 
1.7 
1.8 

TABLE 3. OISTRI8UTION OF OXYGEN AN0 HYDROGEN IN  THERMAL- 
TREATED AN0 HYOROREATEO PRODUCTS 

Thermal-Treated Hydrotreated 
Feedstock HR 8-1 HR 6-1 

Tota l  w t  X 0 4.16 4.41 1.81 

I R  Analys is  

w t  I O  as phenol 2.3 
w t  X as carbazole (NH) 0.3 

P R  Analys is  

F O  
Hother 

0.371 
0.302 
0.327 

2.4 
0.3 

0.375 
0.302 
0.323 

-- 
Trace 

0.118 
0.217 
0.665 

TABLE 4. 5, N DISTRIBUTION IN  UPGRADED PRODUCT 
Run HR 6-1 (She l l  324) 

Uhole Product IBP - 477 K 477-616 K 

Ueight Percent o f  Product 100 27.6 42.7 29.6 
Sp. Grav i t y  2891289 K 0.938 0.830 0.933 1.102 _ _  22.7 Asphaltene,'wt X 5.1 -- _ _  1.9 Benzene Insol, w t  X 0.3 _ _  
ViSCOSltY. CPS a t  311 K 6.5 1 .6  7 q  _ _  ..- 
N, w t  X 0.50 0.03 0.05 0.77 
5, w t  x 0.14 0.021 0.016 0.064 

Hydrocarbon Type. vol X 
HIC 1.46 1.78 1.45 1.10 

Aromatics -- 
O le f i ns  
Heterocyc 1 i cs 
Saturates 
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SPECIFIC GRAVITY AT 289/289K 

Figures. Nitrogen content versus specific gravity for SRC product oil 
upgraded in continuous hydrotreater 

I Feedstock 

8 7 6 5 4 3 2 I 0 

Figure 6. 100 MHz proton magnetic resonance spectra of SRC I/II biend and upgraded 

8 H ,  ppm from TMS 

products. 

L-82422 
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GC-MS Chromatogram of Aromatics 
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GC-MS Chromologrom of Saturates (HR 6-1) 

5 IO 15 20 25 33 35 40 4 5  5 
TIME,mln 

Figure 7 GC-MS analysis of light fraction (IBP-477°K) 
of hydrotreated coal liquid. 

L-02283 

SATURATES AROMATICS 

Compounds 

Cyclohexane 
3-Methylhexane 
n-Heptane 
Met hy 1 cyclohexane 
2-Methyl heptane 
3-Methylheptane 
Cp - Cyclohexane 
C2 - Cyclohexane 
n-Octane and C2 - Cyclohexane 
C2 - Cyclohexane 
2-Methy loc tane 
3-Methyloctane 
C3 - Cyclohexane 
n-Nonane and C3 - Cyclohexane 
C3 - Cyclohexane 
C3 - Cyclohexane 
C3 - Cyclohexane 
C4 - Cyclohexane 
C4 - Cyclohexane 
Cq - Cyclohexane 
"-Decane 
C4 - Cyclohexane 

Compounds 

Toluene 
Ethylbenzene 
rn- and p-Xylene 
o-Xylene 
C3 - Benzene 
C3 - Benzene 
C3 - Benzene 
lndan 
Methylindan 
Methylindan 
Methylindan 
T e t r a l i n  
Naphthalene 
M e t h y l t e t r a l i n  
M e t h y l t e t r a l i n  
Cp - T e t r a l i n  
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